Performance for discriminating single mirror-image letters in peripheral vision can be as good as that in central vision, provided that letter size is scaled appropriately [Higgins, K. E., Arditi, A., & Knoblauch, K. (1996) . Detection and identification of mirror-image letter pairs in central and peripheral vision. Vision Research, 36,[331][332][333][334][335][336][337]. In this study, we asked whether or not there is a reduction in performance for discriminating mirror-image letters when the letters are flanked closely by other letters, compared with unflanked (single) letters; and if so, whether or not this effect is greater in peripheral than in central vision. We compared contrast thresholds for detecting and identifying mirror-image letters ''b" and ''d" for a range of letter separations, at the fovea and 10°eccentricity, for letters that were scaled in size. For comparison, thresholds were also determined for a pair of non-mirror-image letters ''o" and ''x". Our principal finding is that there is an additional loss in sensitivity for identifying mirror-image letters (''bd"), compared with non-mirror-image letters (''ox"), when the letters are flanked closely by other letters. The effect is greater in peripheral than central vision. An auxiliary experiment comparing thresholds for letters ''d" and ''q" vs. ''b" and ''d" shows that the additional loss in sensitivity for identifying crowded mirror-image letters cannot be attributed to the similarity in letter features between the two letters, but instead, is specific to the axis of symmetry. Our results suggest that in the presence of proximal objects, there is a specific loss in sensitivity for processing broad-band left-right mirror images in peripheral vision.
Introduction
Substantial evidence exists suggesting that our ability to discriminate between two mirror images is poorer in the periphery than at the fovea (e.g. Bennett & Banks, 1987; Harvey, Rentschler, & Weiss, 1985; Rentschler & Treutwein, 1985; Stephenson, Knapp, & Braddick, 1991) . Most of these earlier studies used compound grating stimuli consisting of a fundamental frequency and its second or third harmonic added together in some particular phase and amplitude relationship. By manipulating the relative phase and amplitude relationship between the two component frequencies, mirror-image gratings could be created that differ from one another with respect to the relative position of the dark and bright stripes of the compound grating. Discrimination thresholds for these mirror-image grating pairs fall rapidly with eccentricity, leading to an early belief that phase sensitivity is reduced in peripheral vision. Bennett and Banks (1987) attributed this effect to a reduction in the sensitivity or number of sine-phase detectors with odd-symmetric receptive fields in the periphery, implying that spatial phase per se is encoded by the visual system. Rentschler and Treutwein (1985) offered an alternative explanation. They proposed that two processes are involved in compound grating discrimination, with one registering the positional relationships of image components and the other one registering contrast variability. For mirror images that have the same contrast variability, the discrimination performance is limited by the sensitivity to positional information in the periphery. This model argues against the need for specific phase encoding mechanisms in the visual system but instead, suggests that the visual system treats the discrimination of mirror images as a positional acuity task (Field & Nachmias, 1984) .
To link the task of discriminating mirror images to positional acuity tasks, Barrett, Morrill, and Whitaker (2000) measured discrimination thresholds for mirror-image compound grating pairs at several eccentricities, and for different stimulus sizes. They found that provided the stimulus size is scaled appropriately, performance for compound grating discrimination could be equated in the fovea and periphery. The E 2 factor, the eccentricity at which the foveal threshold doubles (Levi, Klein, & Aitsebaomo, 1984 , averages 0.51°, a value that is similar to the E 2 factor reported for other positional acuity tasks (range: 0.6-0.8°) such as Vernier discrimination, bisection and spatial interval discrimination (e.g. Beard, Levi, & Klein, 1997; Levi & Klein, 1990; Levi et al., 1985; Virsu, Näsänen, & Osmoviita, 1987; Weymouth, 1958; Whitaker, Mäkelä, Rovamo, & Latham, 1992) , thus providing support that discriminating mirror images is likely to rely on the positional coding of stimulus features.
The studies reviewed so far all used two-component compound gratings as stimuli. The use of a periodic compound grating comprising only two harmonics may not be the most appropriate stimulus to reveal our sensitivity to mirror images in real life, or to reveal the phase response of detectors . To circumvent these shortcomings, Morrone et al. (1989) compared detection and discrimination thresholds for stimuli comprising 256 cosinusoidal harmonics added together. The resulting stimuli resemble discrete edges and bars well separated from each other in space, unlike the periodic gratings. Using these stimuli, Morrone et al. (1989) reported that the sensitivity for discriminating mirror images (edges comprising a dark and a bright side) is as good in the periphery as it is at the fovea, provided that the stimulus size is scaled according to the same scaling factor for contrast sensitivity and grating acuity. Their result indicates that the change in sensitivity with eccentricity for discriminating broad-band mirror images is similar to that for contrast sensitivity and grating acuity, but slower than positional acuity, arguing against the reliance of positional information for discriminating mirror images.
Despite the controversy over the exact mechanism underlying the discrimination of mirror images, one important question is whether or not the ability to discriminate mirror-image compound gratings, or simple edges or bars in peripheral vision has any impact on real-life tasks. Higgins, Arditi, and Knoblauch (1996) addressed this question in relation to the discrimination of letters that are mirror images of each other, in an attempt to examine whether the poor performance in discriminating mirror-image letters such as ''b" and ''d", could explain the slow reading speed in peripheral vision. They compared thresholds for detecting and discriminating mirror-image letter pair ''b" and ''d" at the fovea, and 4°and 7.5°eccentricity. By scaling the letter size using the same scaling factor for contrast sensitivity, Higgins et al. (1996) found that performance for detecting and discriminating mirror-image letters ''b" and ''d" could be equated in the fovea and periphery. Considering that maximum reading speed is always slower in the periphery than at the fovea, even when print size is not a limiting factor (Chung, Mansfield, & Legge, 1998) , the findings of Higgins et al. (1996) cannot explain the slow peripheral reading speed. However, text for reading consists of words and not merely single letters. When letters (or optotypes) are close together, often it is difficult to discern individual letters, especially in peripheral vision (e.g. Bouma, 1970; Chung, Levi, & Legge, 2001; Loomis, 1978; Strasburger, Harvey, & Rentschler, 1991; Toet & Levi, 1992) . This is the well-known crowding effect. It remains plausible that our ability to discriminate mirror-image letters might be more affected when letters are close to each other. This could explain the impaired performance for discriminating periodic mirror-image compound gratings in the study of Bennett and Banks (1987) but not in the study of Morrone et al. (1989) who used broad-band stimuli (comprised of 256 harmonics) that were more discrete in space. Presumably, the repetitive nature of the compound gratings might cause spatial interference with the discrimination task.
In this study, we asked whether or not there is a selective reduction in performance for discriminating mirror-image letters when the letters are flanked closely by other letters, compared with unflanked (single) letters; and if so, whether or not the effect is greater in peripheral than in central vision. We extended the study of Higgins et al. (1996) to compare thresholds for detecting and identifying mirror-image letters ''b" and ''d" at the fovea and 10°e ccentricity, without and with flanking letters at a range of letter separations. To ascertain that the effects we obtained are specific to mirror-image letters, we compared measurements obtained for letters ''b" and ''d", with letters ''o" and '' x" that are not mirror images of each other and share virtually no common ''letter features". To preview our principal finding, we found a much greater loss in sensitivity for identifying mirror-image letters ''b" and ''d", compared with non-mirror-image letters ''o" and ''x", in the presence of flanking letters. An auxiliary experiment in which we obtained measurements at 10°eccentricity for another letter pair ''d" and ''q", which are also mirror-image letters but with a horizontal axis of symmetry (up-down symmetry) instead of vertical (left-right symmetry), suggest there the additional deficit in identifying mirror-image letters is specific to the axis of symmetry of the mirror-image letter pairs.
Methods
Contrast thresholds for detecting and identifying mirror-image letters ''b" and ''d" were measured in the presence of two flanking letters, for a range of letter separations. Letter separation was defined as the distance between the center of the target letter and the center of either flanking letter, and was normalized to the height of a lowercase letter ''x". Four letter separations were tested: 1Â, 1.25Â, 1.6Â and 2Â the x-height. For comparison, measurements were also obtained for letters presented singly, i.e. in the absence of flanking letters. The target letters (''b" and ''d") and the flanking letters (randomly chosen from the 26 letters of the alphabet) were all lowercase letters of the Times-Roman alphabet. The target letter was always presented in the middle of a 15 00 display monitor (Mitsubishi Diamond Plus, Model #N0701) at a resolution of 1024 Â 768 pixels, with each pixel measuring approximately 0.0306 Â 0.0306 cm. The two flanking letters, if present, were presented on the right and left of the target letter, so that the three letters were aligned horizontally to form a trigram, a random sequence of three letters (Legge, Mansfield, & Chung, 2001) . Presentation duration was 150 ms, and in the case of trigrams, all three letters of each trigram were presented simultaneously. Testing was conducted at the fovea and 10°eccentricity in the inferior visual field. Viewing distance was 240 cm for foveal testing and 60 or 65 cm (depending on the observer) for testing at 10°eccentric-ity. At these distances, the smallest letters used comprised 16 pixels for the letter ''x" (we defined letter size based on the ''x-height"). For peripheral testing, a small red fixation dot was provided at 10°directly above the location at which the target letter was to be presented, and observers were asked to fixate this red fixation target throughout testing. Stimulus presentation and data collection were controlled by custom-written software written in Matlab 5.2.1 (Mathworks, MA), using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) . The host computer was a Macintosh G4. In this paper, contrast was defined as the Weber fraction, i.e. (target luminance -background luminance)/background luminance. Background luminance was maintained at 15 cd/m 2 . The luminance of the display was measured using a Minolta photometer. By combining the red and blue output of the display with the use of a video attenuator (Pelli & Zhang, 1991) and custom-written software (Tjan, personal communication), we obtained an effective 10-bit resolution on luminance after gamma-correction of the display.
Prior to measuring the contrast thresholds for detecting and identifying the mirror-image letters ''b" and ''d", we first measured size-thresholds for identifying these letters at the two testing eccentricities, and for the range of letter separations tested. We used the Method of Constant Stimuli to present single high-contrast (95%) target letters ''b" or ''d" at six letter sizes, and measured the percent-correct identification performance at each letter size. Size-threshold was defined as the letter size corresponding to 75% correct on the psychometric function (i.e. 50% correct, after correction for guessing, see ''Data Analyses" for details of the psychometric function used).
Then, for each eccentricity, we used a letter size that corresponded to 1.5Â the size-thresholds obtained for single letters at the smallest letter separation to determine the detection and identification thresholds in the presence of flanking letters. The choice of such a nominal letter size was arbitrary, but it yielded a letter size that could be identified more reliably than chance level yet has not reached the performance ceiling effect once the flanking letters were introduced. For both tasks, one of the two target letters was randomly chosen and presented on each trial. If flanking letters were present, they were randomly selected from the 26 letters of the alphabet. We used the Method of Constant Stimuli to present the letters at six contrast levels in each block of trials. The six contrast levels were equally spaced in log steps, and typically spanned a range of 0.5 and 1.0 log units, for the task of detection and identification, respectively. The contrast of the flanking letters was identical to that of the target letter on any given trial.
1
The differences between the trials for detection and identification are as follows. For detection, we presented the target letter in one of two temporal intervals. The observers' task was to indicate, using a computer keyboard, in which temporal interval the target letter was presented, regardless of whether the target letter was ''b" or ''d". For identification, only one single temporal interval was used. The observers' task was to indicate the identity of the target letter (''b" or ''d") using a computer keyboard. Threshold was defined as the contrast corresponding to 75% correct on the psychometric function (see ''Data Analyses" for details of the psychometric function used), for the respective task of detection or identification.
To ascertain that our findings are specific to mirror-image letters, we also obtained measurements for a non-mirror-image letter pair ''o" and ''x". Like for the mirror-image letter pair (''b" vs. ''d"), we measured contrast thresholds for detecting and identifying the letters ''o" and ''x", substituting the target letters ''b" and ''d" with ''o" and ''x". The sequence of testing the different combinations of conditions (detection vs. identification, ''b" and ''d" vs. ''o" and ''x", different letter separations) was randomized across the three observers. Each block (for each experimental condition) of trials consisted of 120 trials, and each condition was tested in at least three blocks (a total of 480 trials), scheduled in a random order over the entire course of testing for each individual observer. Data reported here are pooled across the different blocks of trials for the same condition.
Three experienced psychophysical observers (including the author) participated in this study. All had normal or correctedto-normal vision (20/20 or better in each eye). Except for the author, the other two observers were not aware of the purpose of the study. Testing was performed binocularly in a dimly-lit room. Each observer granted oral and written consent, after the procedures of the experiment were explained.
Auxiliary experiment
In order to determine whether the effect we obtained in the main experiment was specific to letters ''b" and ''d", we tested another pair of letters, ''d" and ''q", that are also mirror-image letters of each other but the axis of symmetry is horizontal instead of vertical. The procedures were the same as in the main experiment. Three observers participated in this auxiliary experiment-the author and two other observers who did not participate in the main experiment. Testing was conducted only at 10°eccentricity given the more substantial crowding effect.
Data analyses
For each experimental condition, we combined the performance measurement across the different blocks of trials for the same observer. Following Higgins et al. (1996) , we fit the combined dataset using the Weibull function, as follows:
where a represents the stimulus contrast at threshold, b is a steepness parameter related to the slope, d is the lapse rate and g is the chance level (0.5). Lapse rate refers to response errors that are unrelated to the specific task and can occur even when observers could detect, discriminate or identify the stimulus perfectly, e.g. when the observers blink during stimulus presentation or press the wrong response button (Arditi, 2006) . In our curve-fitting, we assumed the lapse rate = 0 since in most cases, performance accuracy reached or was very close to 100%. Curve-fitting was accomplished using Igor Pro™, which utilizes a Levenberg-Marquardt iterative algorithm to minimize the least-squares error between the experimental data and the model fit. 2 The experimental data were weighted by the inverse of the proportion-error associated with each datum (proportion-correct measurement) during curve-fitting.
Results

Acuity
For all observers, the threshold letter size corresponding to 75% correct on the psychometric function was similar for identifying letters ''bd" and ''ox", for any given letter separation. Consequently, we used the averaged letter size determined separately for letter pairs ''bd" and ''ox" at the smallest letter separation to represent the size threshold for each observer. As indicated above, the letter size used for the main experiment was 1.5Â the size threshold.
Fovea
Contrast thresholds for detecting and identifying the mirror-image letters ''b" and ''d" at the fovea are plotted as a function of letter separation in Fig. 1 (bowtie symbols) . Data for each observer are presented in individual panels, with the fourth panel (label: AVE) presenting the averaged contrast thresholds of the three observers. For comparison, contrast thresholds for detecting and identifying the non-mirror-image letters ''o" and ''x" are included in each panel (circle symbols). Letter sizes (x-heights) used were 0.117°for observers CV and VL and 0.146°for observer SC. In general, letter detection thresholds (unfilled symbols) are similar between the mirror-image letter pair (''b" and ''d") and the non-mirror-image letter pair (''o" and ''x"), and are invariant of letter separation, consistent with the findings of Levi, Hariharan, and Klein (2002) and Pelli, Palomares, and Majaj (2004) that feature detection is not affected by crowding.
For letter identification, contrast thresholds measured (filled symbols) for the mirror-image letter pair (''b" and ''d") and the non-mirror-image letter pair (''o" and ''x") are also similar, although thresholds for identifying letters ''o" and ''x" are consistently higher than those for identifying letters ''b" and ''d", for all letter separations tested. For both mirror-image and non-mirrorimage letter pairs, thresholds are higher when letter separation is small, and decrease with larger letter separations. This is the classical crowding effect. At a letter separation of 1Â x-height, contrast thresholds for identifying letters averaged (±1 SEM) 0.195 ± 0.055 (''bd") and 0.252 ± 0.079 (''ox"), compared with 0.109 ± 0.024 (''bd") and 0.128 ± 0.022 (''ox") for unflanked letters. When the letter separation is 1.6Â the x-height, thresholds for identifying flanked letters are similar to those for identifying single (unflanked) letters (''bd": 0.112 ± 0.031, ''ox": 0.143 ± 0.034).
10°eccentricity
Fig. 2 presents contrast thresholds for detecting and identifying mirror-image letters ''b" and ''d", and non-mirror-image letters ''o" and ''x", at 10°eccentricity. Letter sizes used were 1.169°for observer CV, 1.079°for VL and 1.461°for SC. Similar to what we observed at the fovea, contrast thresholds for letter detection are similar between the mirror-image letter pair (''b" and ''d") and the non-mirror-image letter pair (''o" and ''x"), and are invariant of letter separation. However, results for letter identification at 10°eccentricity are unlike those at the fovea. First, contrast thresholds are clearly higher for identifying mirror-image letters ''b" and ''d" than for non-mirror-image letters ''o" and ''x". Second, the elevation of threshold at small letter separations (the magnitude of crowding) is much larger than that at the fovea, consistent with previous investigations (e.g. Chung et al., 2001; Jacobs, 1979; Loomis, 1978) . At the smallest letter separation (1Â x-height), contrast thresholds for identifying letters averaged 0.313 ± 0.124 (''bd") and 0.144 ± 0.043 (''ox"), compared with 0.041 ± 0.008 (''bd") and 0.043 ± 0.007 (''ox") for unflanked letters. Third, the letter separation at which contrast thresholds for identifying flanked letters fall to the single-letter level (the crowding extent) is larger at 10°eccentricity than at the fovea, especially for the mirrorimage letter pair. At a letter separation of 2Â x-height, contrast threshold for identifying letters ''b" and ''d" averaged 0.060 ± 0.007, still higher than the threshold for their unflanked counterparts. In comparison, the threshold for identifying non-mirror-image letters ''o" and ''x" is much closer to the unflanked value at this letter separation, averaging 0.049 ± 0.005.
A comparison of the absolute value of thresholds plotted in Figs. 1 and 2 reveals that detection thresholds are higher at the fovea than at 10°eccentricity. A fixation target was only provided for peripheral but not foveal testing, therefore, could the absence of a fixation target, which could lead to increased spatial uncertainty of the target, explain the higher detection thresholds at the fovea than at 10°eccentricity? Although we did not provide a fixation target for foveal testing, at least for the flanked conditions, the presence of the two flankers should help reduce spatial uncertainty for the target letter. As shown in Fig. 1 , detection thresholds are highly similar with or without flankers, implying that spatial uncertainty for unflanked letters cannot explain the higher thresholds for detecting letters at the fovea than in the periphery. A more plausible explanation is that even though our letter sizes were scaled with respect to the size thresholds at the respective eccentricity, the scaling factors for identifying high-contrast targets and detecting low-contrast targets are not the same (Strasburger, Rentschler, & Harvey, 1994) . Therefore, even though letter sizes were scaled appropriately to equate for identification performance at the fovea and 10°eccentricity, these letter sizes did not ensure equal performance for the task of detection at the two retinal locations.
To provide a better comparison between the performance at the fovea and 10°eccentricity that is not affected by the difference in detection thresholds, we computed the identification/detection threshold (I/D) ratio. We calculated the I/D ratios based on the thresholds at each letter separation and for each individual observer. In Fig. 3A (foveal) and B (10°eccentricity), we plot the geometric means of the I/D ratios of the three observers. The I/D ratio is the highest at the smallest letter separation, and decreases to a value close to unity for larger letter separation. The error bars, representing ±1 SEM, are also greater at the smallest letter separation than at wider separations or the unflanked condition, because of the larger between-observer variability in the magnitude of crowding at the smallest separation. The important point is that the ratio is much larger at 10°eccentricity than at the fovea, more so for the mirror-image letter pair ''b" and ''d" than for the non-mirror-image letter pair ''o" and ''x". In other words, even after factoring in the classical crowding effect, there exists an additional deficit in identifying mirror-image letters ''b" and ''d" in peripheral vision.
To determine whether the additional deficit in identifying crowded letters ''b" and ''d" is specific to the letter pair, in an auxiliary experiment, we measured detection and identification thresholds for letters ''d" and ''q" that are also mirror-image letters of each other but their axis of symmetry is horizontal instead of vertical. Letter sizes used ranged from 1.169°to 1.461°for the three observers, comparable with those used in the main experiment for comparing performance for letters ''bd" and ''ox" at 10°e ccentricity. Fig. 3C compares the I/D ratios for letter pairs ''dq" (hourglass symbols) and ''bd" (bowtie symbols). Because the observers were not the same as those who participated in the main experiment, the I/D ratios for ''bd" were slightly different from those plotted in Fig. 3B , but within similar ranges. There are two important observations. First, the I/D ratios are clearly much higher for letters ''bd" than for ''dq". At the smallest letter separation (1Â x-height), the I/D ratios averaged (geometric mean) 8.60 ± 0.69 for ''bd" and 3.87 ± 0.70 for ''dq". Second, the I/D ratios for letters ''dq" (Fig. 3C) closely match those for ''ox" (Fig. 3B) at almost every letter separation. Taken together, these two observations suggest that neither the similarity of letter features between two letters per se, nor the fact that two letters are mirror images of each other, is the cause of the additional deficit in identifying crowded letters ''b" and ''d" in peripheral vision. Fig. 1 , with the exception that data plotted here were obtained at 10°eccentricity. Letter sizes used were 1.169°for observer CV, 1.079°for VL and 1.461°for SC.
Discussion
The primary goal of this study was to investigate whether or not there is a reduction in performance for discriminating mirror-image letters when the letters are flanked closely by other letters, compared with unflanked (single) letters; and if so, whether or not the effect is greater in peripheral than in central vision. Our principal finding is that when letters are flanked closely by other letters, there is an additional loss in sensitivity for identifying mirror-image letters ''bd" that are symmetrical with respect to a vertical axis, compared with non-mirror-image letters (''ox") or even other mirror-image letters that are symmetrical with respect to a horizontal axis (''dq"). The effect is greater in peripheral than central vision.
Relation to crowding
Figs. 1 and 2 show that contrast thresholds for identifying letters decrease with increased letter separation. The maximum threshold elevation and the spatial extent over which threshold elevation occurs are both greater at 10°eccentricity than at the fovea. These are the classical characteristics of the crowding effect. Another important characteristic of these data is that only letter identification, not detection, is affected by crowding, similar to the findings of Levi et al. (2002) and Pelli et al. (2004) and is consistent with the two-stage feature model for crowding (Wolford, 1975) . According to the model, letter features are being detected and extracted at the first stage of processing which is not affected by crowding. This is followed by the second stage of processing where letter features are combined to give a letter its identity. It is at this second stage that crowding occurs when letter features from the target and its flankers are erroneously combined (Levi et al., 2002; Pelli et al., 2004) .
The above description of our findings in relation to the characteristics of crowding merely confirms what we already knew about crowding. The novel and interesting finding in this study is that the crowding effect is more substantial for the mirror-image letter pair ''b" and ''d", than for the non-mirror-image letter pair ''o" and ''x" in peripheral vision, as shown in Figs. 2 and 3 . This is consistent with the findings of Levi et al. (2002) showing that for E-like and C-like targets, crowding causes a specific loss of 180°(mirror-image) discrimination in peripheral vision. In that study, observers had to judge the orientation of the E-like target or the direction of the gap in the C-like target, in the presence of flankers. An analysis of the errors made by the observers indicated that in the presence of crowding, there was a preponderance of 180°discrim-ination errors and very few 90°errors. As the authors pointed out, observers were able to correctly judge whether the legs of the E-like targets or the gap of the C-like targets were in the horizontal or vertical direction, but they were unable to correctly identify the position of the gaps.
With respect to letter targets, because none of the 26 lowercase letters are 90°rotated image of one another, we could not compare the performance for 180°discrimination (mirror-image letters) with that for 90°discrimination. Instead, we chose two letters that share virtually no common features-''ox"-as our comparison letter pair. In Fourier domain, the amplitude spectra of these two letters are similar but the phase spectra are quite different. Our results clearly show that in the presence of crowding, there is an additional loss of sensitivity in discriminating between ''b" and ''d", compared with ''o" and ''x". To date, we still do not know the root cause(s) of crowding, although many plausible hypotheses have been examined, including the coarse resolution of attention (e.g. He, Cavanagh, & Intriligator, 1996) , its distinction from pattern masking Levi et al., 2002) , erroneous feature integration beyond the stage of feature detection (Levi et al., 2002; Pelli et al., 2004; Wolford, 1975) , compulsory averaging of signals (e.g. Parkes, Lund, Angelucci, Solomon, & Morgan, 2001 ) and the imprecision of positional coding (Ortiz, 2002; Strasburger, 2005; Strasburger et al., 1991) . For a review of the mechanisms that have been proposed for crowding, refer to Levi (2008) . Although many of these hypotheses could impact how we discriminate crowded mirror-image letters in peripheral vision, the two that seem to be most relevant to the task than others are the abnormal feature integration and the imprecision of positional coding.
The erroneous feature integration hypothesis states that letter features belonging to the target letter and the flankers are jumbled up during crowding (Pelli et al., 2004) , consequently, some letter features that belong to the flankers may get erroneously combined with some features of the target letter. There is no reason to believe that this explanation is specific to the letters used, thus explaining why we also observed a sizeable threshold elevation for identifying letters ''o" and ''x". Recall that we found an additional deficit for identifying mirror-image letters ''b" and ''d", suggesting that the erroneous feature integration hypothesis by itself cannot fully account for our finding.
As for the impact of the imprecision of positional coding, there is empirical evidence that target locations are often mislocalized in the presence of crowding (e.g. Chung & Legge, 2009; Ortiz, 2002 ; Strasburger, 2005; Strasburger et al., 1991) , an effect that has been attributed to the poor positional coding in peripheral vision. Recently, we proposed a model to explain the empirical observation of mislocation errors (Chung & Legge, 2009) . According to the model, the perceived position of a letter follows a Gaussian distribution and the width of the distribution determines the precision of the encoding of the letter position. For a pair of adjacent letters, if the two distributions are narrow (precision is high) and do not overlap with each other, then the two letters should always be perceived in the correct spatial order. In contrast, if the two distributions spread over a larger space and overlap substantially with each other, then the two letters might be perceived in the reversed spatial order, thus constituting a mislocation error. However, this explanation should affect all letters equally, and that the threshold elevation for identifying letters under crowded conditions should be the same for ''ox" and ''bd". This is not what we found. The explanation could work if we assume that there is an additional loss in coding the position of the whole letter for mirror-image letters, but there is no a priori reason or evidence for such an assumption.
An alternative explanation, one that is a modified version of the positional coding hypothesis, is that the poor positional coding refers to individual letter features, instead of the whole letter. There is growing evidence on the importance of letter features on the coding of the identity of letters (e.g. Chung, Tjan, & Lin, 2008; Fiset et al., 2008; Pelli et al., 2004; Wolford, 1975) . In addition, there is evidence that the coding of the identity and the position (''what" and ''where") of a letter could be dissociated, although the details of this issue are beyond the scope of the present study (for details, refer to Chung & Legge, 2009; Strasburger, 2005) . According to this hypothesis, the position of individual letter features may be mislocalized when letters are crowded together. With respect to mirror-image letters ''b" and ''d" that share virtually identical letter features, it could be the position of the ascender of the letter (the vertical stroke), the position of the curved component of the letter, and/or the intersections between the ascender and the curved component of the letter, that determine the identity of the letter. If crowding induces a loss of positional coding of individual letter features (although the exact mechanism by which this happens is still unknown), letters that share more identical features (such as ''b" and ''d") should be more affected than letters that share very little common features (such as ''o" and ''x") . This explanation also predicts that other letters that share identical features, such as ''d" and ''q", would be equally susceptible to the crowding effect, just like for the letter-pair ''b" and ''d". This is not what we found. Instead, we found that the magnitude of crowding is very similar between letter pairs ''dq" and ''ox" for all letter separations ( Fig. 3B and C) , and is substantially less than that for the letter pair ''bd". Note that both letter pairs ''bd" and ''dq" are mirror-images of each other, and that the letters ''b", ''d" and ''q" all share virtually identical letter features, except that the arrangement of these letter features are different for the three letters. Therefore, our finding implies that the additional deficit in identifying letters ''b" and ''d" cannot be attributed to a simple explanation that the two letters are mirror images of each other, or that crowding induces a loss of positional coding of individual letter features.
What accounts for the substantial difference in results between letter pairs ''bd" and ''dq"? Given the similarities in individual features among these letters and the fact that these letters are mirrorimage or rotated version of one another, the simplest explanation is that our sensitivity is related to the specific positional arrangements of local letter features. One possibility is that the position of the vertical stroke may serve as the cue for the identity of the letter. If so, then the task of discriminating these letters may be similar to judging the position of the vertical stroke. At 10°inferior visual field, the vertical strokes for letters ''bd" are isoeccentric to fixation while the strokes for letters ''dq" are iso-meridian to fixation. Thresholds for position acuity are better in the isoeccentric than iso-meridian direction (e.g. Yap, Levi, & Klein, 1987) , thus, we would expect better performance for discriminating between letters ''b" and ''d" than between ''d" and ''q" if the performance were based simply on the position of the vertical stroke alone. This is not what we found, suggesting that the position judgment of the vertical strokes of the letters per se cannot explain our result. A difference between the two letter pairs ''bd" and ''dq" lies in the orientation of their axis of symmetry-vertical for ''bd" and horizontal for ''dq". Bennett and Banks (1991) showed that the discrimination of mirror images depends on stimulus orientation with respect to fixation such that the sensitivity for discriminating mirror images is higher for radially than tangentially oriented stimuli. Our letters were presented at 10°in the inferior visual field, therefore, letters ''bd" could be considered as mirror images tangential to fixation while letters ''dq" could be considered as mirror images radial to fixation. If so, then the finding of Bennett and Banks (1991) would predict that the sensitivity for discriminating letters ''dq" should be higher than that for letters ''bd". This is indeed what we found, providing evidence that the variation of phase sensitivity of the visual system with respect to eccentricity and stimulus orientation does have impact on reallife broad-band stimuli such as letters. A caveat in interpreting our data in relation to these previous studies is that the additional loss in sensitivity for discriminating letters ''bd", when compared with ''ox" and ''dq", was found under crowded conditions, whereas the earlier reports cited here were in reference to non-crowded stimuli. To our knowledge, there is no previous report examining how phase sensitivity, or mirror image discrimination or perception are affected during crowding.
The higher sensitivity to discriminate between letters ''dq" than ''bd" has corroborative neurophysiological evidence, although this evidence was obtained in the absence of crowding. Using singleunit recording in macaque monkeys, Rollenhagen and Olson (2000) showed that neurons in the inferotemporal cortex respond more similarly for mirror images that are symmetrical with respect to a vertical axis, than for mirror images symmetrical with respect to a horizontal axis. This phenomenon occurred for stimuli presented at the fovea, as well as 4.8°right or left of fixation. In a recent study using fMRI to measure human sensitivity to symmetry perception, Sasaki, Vanduffel, Knutsen, Tyler, and Tootell (2005) showed that the symmetry response was weaker when the axis of symmetry was horizontal than when the axis was vertical. Further, the symmetry response in the human visual cortex was highest in higher visual areas such as V3a, V4d/v, V7 and LO, and virtually absent in early visual areas V1 and V2 (Sasaki et al., 2005; Tyler et al., 2005) . The fact that symmetry response or perception originates at higher cortical areas instead of V1 and V2 implies that our ability to perceive symmetry or to discriminate between mirror images is not simply a positional judgment task (e.g. Barrett et al., 2000; Field & Nachmias, 1984; Rentschler & Treutwein, 1985) , but instead, it relates to how the local letter features are assembled to form the global perception of the letter. Higgins et al. (1996) examined whether or not the performance for identifying single mirror-image letters ''b" and ''d" could be equated in central and peripheral vision, when letter size was scaled appropriately. Their goal was to determine whether the difference in observers' ability to discriminate between mirror-image letters in the fovea and periphery could explain the slower peripheral reading speed. To define ''performance", they compared the threshold ratio for the tasks of detecting and discriminating the letters, which they referred to as D/I ratio in their paper. By scaling the letters using the same scaling factor that normalized peripheral contrast sensitivity to foveal values (Virsu & Rovamo, 1979) , Higgins et al. reasoned that any loss in sensitivity (increase in threshold) for identifying mirror-image letters in the periphery would manifest itself as a reduction in the D/I ratio. Averaged across their three observers, the D/I ratio was approximately 0.3 at both the fovea and 7.5°eccentricity, and did not show systematic changes with eccentricity.
I/D ratios
Our results are qualitatively similar to the finding of Higgins et al. (1996) . For detecting and identifying single letters ''b" and ''d", the same conditions evaluated by Higgins et al. (1996) , the identification/detection (I/D) threshold ratios are highly similar between the fovea (geometric mean ± 1 SEM: 1.21 ± 0.10) and 10°e ccentricity (1.26 ± 0.61). However, these values are quantitatively very different from those of Higgins et al. (1996) . After converting each observer's D/I ratio as reported in Higgins et al. (1996) into I/D ratio, the geometric mean of the I/D ratios were found to be approximately 3.28 (range: 2.38-3.85) at the fovea and 3.38 (range: 3.13-3.70) at 7.5°eccentricity. These values are much higher than the ratios of 1.21 and 1.26 found in this study. There are many differences in the methodology between our study and that of Higgins et al. For instance, the largest eccentricity they tested was 7.5°while we tested at 10°eccentricity. However the difference in these two eccentricities is likely to be small in cortical domain. In terms of letter size, Higgins et al. used a letter size of 0.21°at the fovea, 0.49°at 4°eccentricity and 0.73°at 7.5°eccen-tricity. By extrapolation, they would have used a letter size of 0.9°h ad they tested at 10°eccentricity. When comparing to ours, Higgins et al's letter sizes were almost twice as large as ours at the fovea, but smaller than ours at the equivalent peripheral eccentricity. Therefore, the differences in the I/D ratios could not be explained easily as a systematic difference (larger or smaller) in the letter sizes between our study and Higgins et al's. A plausible explanation for the discrepancy in the ratios is that Higgins et al. (1996) used the double-judgment, two-alternative forced-choice (the 2 Â 2 AFC) paradigm to measure detection and identification performance simultaneously. On each trial, observers had to first decide which (spatial/temporal) interval contained a letter and then decide whether the letter was ''b" or ''d". Although this method has the advantages of being more efficient and increases the precision of the comparison between the tasks of detection and identification as the measurements were collected simultaneously, it suffers from some disadvantages. For instance, the decisions of the observers for the two tasks are contingent on each other, therefore the ratios of Higgins et al. (1996) may not be directly comparable to ours. For the 2 Â 2 AFC procedure, since identification performance depends on whether or not observers detected the stimulus in the correct spatial/temporal interval, the identification performance needs to be corrected. However, the correction depends on the extent to which the detection and identification of the stimuli are processed independently (Thomas, 1985) . Also, Klein (1985) showed that the 2 Â 2 AFC procedure could introduce a strong bias to the I/D ratio because it could overtax the human observer with the four-dimensional aspect of the procedure. As a result, observers might adopt a strategy to focus on only one of the stimuli. Klein (1985) detailed in Table 4 of his paper how alternating attention could result in different performance for the detection and identification tasks.
Scaling factors
A previous study using compound gratings show that as long as the stimulus size is scaled sufficiently, there is no additional loss in sensitivity for discriminating mirror-image compound gratings in peripheral vision (Barrett et al., 2000) . Therefore, could our finding of an additional loss of sensitivity for identifying mirror-image letters be due to an insufficient size scaling of our letters? We do not think so because our experimental procedures did not assume any specific scaling factor to be used, but to first determine the letter size threshold. We found that the change in letter size to reach size threshold with increased eccentricity is slower for single letters and faster for flanked letters, this effect was also found for non-mirror-image letters ''ox", suggesting that the effect could be simply a crowding effect, instead of something specific to the processing of mirror-image letters. A rough estimation of the E 2 factor, based on the averaged size thresholds for our three observers, was 1.75°for single letters and 0.91°for letters flanked at the closest separation (1Â separation).
Conclusions
By comparing contrast thresholds for detecting and identifying mirror-image letters ''b" and ''d", and non-mirror-image letters ''o" and ''x" in the presence of flanking letters, we found a substantial loss in sensitivity for identifying these letters when the flanking letters are very close to the target letter. The sensitivity loss is much greater at 10°eccentricity than at the fovea, consistent with the characteristics of the classical crowding effect. The sensitivity loss is also much greater for left-right mirror-image letters (''b" and ''d") than for up-down mirror-image letters (''d" and ''q"), suggesting that the additional loss in sensitivity for identifying crowded letters ''b" and ''d" cannot be attributed to the similarities in letter features between the two letters, but instead, is specific to the axis of symmetry. We conclude that in the presence of proximal objects, there is a specific loss in sensitivity for processing broad-band left-right mirror images in peripheral vision. Currently we are investigating whether the poor sensitivity in identifying crowded mirror-image letters in peripheral vision contributes to the slow reading speed in peripheral vision.
